INTRODUCTION
Current trends in supersonic propulsion research tend to focus more on analyzing transient fluid flow phenomena. Steady-state data, while valuable and informative, may not give a true characterization of the flow field in question. What may appear to be a benign steady-state flow may have some undesirable transient characteristics that do not come to light due to the time averaged nature of steady-state data acquisition. In the case of supersonic propulsion systems, recent analysis show that the instantaneous dynamic flow distortion at the inlevengine interface plane is a more reliable predictor of impending engine compressor surge and stall rather than the steady-state flow distortion. Also, fast acting transients, such as an inlet unstart and subsequent engine compressor stall, occur on a millisecond time scale and cannot be adequately characterized with steady-state instrumentation. Characterize the flow field in the vicinity of a supersonic propulsion system during an engine compressor stall and subsequent inlet unstart. Relevant parameters such as flow field static and pitot pressure, Mach number, and flow angularity needed to be determined to properly characterize the surrounding flow field during a stalhnstart transient that lasts less than 40 milliseconds. Dynamic pitot and static pressure probes were developed to acquire the transient flow field pressure data and were used to determine local transient Mach number; a dynamic five-hole conical pressure probe was developed to determine the local transient flow angle. Large strut assemblies called instrumentation struts were used as a mounting platform to locate the instrumentation in the flow field in the vicinity of the propulsion system. This report will focus on the design and development of these probes. Limited flow field data acquired by these probes during a propulsion system compressor stall/inlet unstart event are also presented. 
SYMBOLS

Design
A photograph of the flow field pressure probe is shown in Figure 1 . The probe design contains four major components: (a) Static pressure aerodynamic tip, (b) Pressure-sensing cartridge assembly, (c) Pitot pressure aerodynamic tip, and (d) Mounting stem. This modular design allows for a variety of probe tips to be used for a specific application. Here, the focus is flow field pressure measurements in supersonic flows, so we developed a cone-cylinder static pressure tip and a pitot Figure 2 . Sketch of static pressure probe tip.
pressure tip. Alternatively, probe tips optimized for subsonic and transonic flows could be used with this design. The probe diameter used in this investigation is 0.435 in (1 1.05 mm). A detailed discussion of this probe design can be found in Reference 1.
Each tip has a built-in plenum that serves as a pressure measurement chamber when the probe is assembled.
The schematic in Figure 2 shows this detail for the static pressure tip. The plenum of the pitot pressure tip is formed by terminating the internal flow passage to form a perforated wall. This design feature protects the high response pressure transducer from debris impact damage. The plenum volumes are optimized for system frequency response and measurement accuracy. In this study, the nominal plenum volumes for the static and pitot tip are 5.67 x 10" in3 (0.093 cm3) and 6.80 x 1 O5 in3 (0.1 1 1 cm3), respectively.
The pressure sensing mechanism in this probe design is a unique cartridge assembly that simultaneously senses steady-state and transient pressure. This allows accurate dynamic pressure measurements during a transient event because the steady-state pressure measilrement can be used to correct for dynamic transducer calibration zero shift that can occur during a wind Figure 1 . Flow field pressure probe components.
A schematic of the static pressure probe tip is shown in Figure 2 . The external aerodynamic configuration is a conventional supersonic cone-cylinder design with a 10 degree included angle cone followed by a constant diameter cylinder. Eight static pressure ports are spaced at equal circumferential distances 10 diameters downstream of the cone shoulder. Reference 2 indicates that this design gives accurate flow field static pressure measurements, and we substantiate this aerodynamic design by our own development testing which is reported later.
The pitot pressure tip is a constant diameter cylinder tip design with a 20 degree chamfered leading edge internal flow passage. It is a traditional design, and Reference 3 reports that this design will give accurate pitot pressure measurements with less than 1 percent deviation from true pitot pressure in flow fields with flow angularity of up to 30 degrees. tunnel test run. A close-up frontal view of the-camidge is shown in Figure 3a . The steady-state pressure is measured via four pneumatic flow passages on the periphery of the cartridge that feeds into a plenum. Pneumatic tubing connects this plenum to a steady-state electronically-scanned pressure transducer that provides the steady-state pressure measurement. The transient pressure is measured directly by a high response transducer mounted in the center of the cartridge as shown in Figure 3a . When the probe is assembled, its measurement diaphragm is flush with the rear of the pressure measurement plenum. In this investigation, we use miniature, temperature-compensated, piezoresistive pressure transducers with a nominal frequency response of 225 kHz. The nominal diameter of the transducer assembly is 0.062 inch (1.57 mm). A double O-ring design on the outer circumference of the cartridge as shown in Figure 3b provides a pneumatic seal when the assembly is inserted in the probe mounting stem. The probe mounting stem provides an interface between the aerodynamic measurement tip and facility mounting hardware. A fine-pitched thread design secures the aerodynamic tip to the mounting stem. In addition, it has a chamber to hold the pressure sensing cartridge assembly. The probe mounting stem can be designed to interface with a variety of wind tunnel hardware. The critical integration factor is that the probe stem and mounting hardware must be designed to minimize interference with flow field static pressure measurements. For the recent 10-by 10-Foot SWT test program, these probes are integrated into an instrumentation strut that uses a 10 degree included angle wedge leading edge design. The probe mounting stem used in this investigation is a constant diameter cylindrical design of sufficient length to integrate into the instrumentation strut design. Design principles discussed in Reference 4 are used to choose the probe stem length and instrumentation strut leading edge angle.
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( a ) Front view ( b ) Side view
DeveloDment Testing
The development of these transient flow field pitot and static pressure probes required some proof of concept testing. Two series of tests were conducted to validate the concept: (1) Steady-state testing in a small supersonic wind tunnel, and (2) Transient testing in a small shock tube facility. The steady-state testing validated the probe's aerodynamic design and verified that the time-averaged component of the transient pressure signal matched the steady-state pneumatic pressure measurement. Transient testing was used to characterize the probe's frequency response.
Steady-state testing.-The objective of the steadystate probe testing was to assure that the probe design was sound and actually measured the flow field static or pitot pressure. A typical result from this portion of the development testing is shown in Figure 4 . The figure shows simultaneous static pressure measurements acquired by the probe's steady-state and dynamic transducers. The static pressure data were normalized by the actual tunnel static pressure measured by surface-mounted pressure ports in the wind tunnel test section. The band about the time-averaged dynamic data corresponds to a k1.25 percent pressure measurement differential which was the resolution of the dynamic pressure measurements (M.01 psi or 68.95 Pa). There is good agreement between the timeaveraged dynamic and steady-state transducer pressure measurements. These results indicate that the simultaneous pressure measurement capability incorporated in this probe design does not compromise its measurement accuracy. In addition, the plot in Figure 4 shows that the static pressure probe measured the true static pressure within a two percent margin from pitch angle of -5 degrees to +3 degrees. This result was typical of the pitch angle tolerance that we saw at other Mach numbers. Transient testing.-The objective of the transient probe testing was to characterize and optimize the static pressure probe's frequency response. The prototype static pressure probe had an oversized pressure measurement plenum whose volume was optimized for frequency response during this series of tests.
We determined the frequency response of a series of dynamic static pressure probes in a shock tube facility. The moving normal shock wave produced a step change in static pressure as the shock wave passed over the
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probe's measuring station. The frequency response of the probe due to the step change in static pressure could be characterized by a first order system response to a step input:
where z is a time constant determined by the following procedure:
1) Determine the equivalent pressure step amplitude response which is .
PT=PI+O.632*(P2-P1).
Station 1 is at time when shock wave first influences static pressure. Station 2 is at time when static pressure rise reaches plateau after shock wave passes.
2) Determine which time (tJ corresponds to this amplitude response. 3) Determine time constant from the following:
z=t,-t1.
The transient response of the static pressure probe was compared to a dynamic pressure transducer that was flush-mounted on the shock tube wall at the same axial station. The wall-mounted transducer ideally measured the true static pressure in the shock tube. The shock tube results confirmed that the flow field static pressure measured by the probe did indeed agree with the static pressure indicated by the wall-mounted static pressure port. A pair of static pressure traces acquired in the shock tube is shown in Figure 5 . Figure 5a shows the overall response while Figure 5b shows the initial shock response and the relevant frequency determination parameters. The solid line represents the pressure trace of the wall-mounted transducer while the dashed line indicates the pressure trace of the transducer installed in the flow field static pressure probe.
The primary test article was the dynamic static pressure probe. Two variations of the static pressure probe were tested. The first probe was constructed of brass and was a prototype design that had an oversized internal pressure measurement plenum whose volume was 0.02835 in3 (0.465 cm3). We varied the size of this plenum to optimize the probe's frequency response. The second static pressure probe was constructed of aluminum and contained a fixed internal volume which was 20 percent of the prototype probe's total internal volume. Table 1 shows the results of this parametric testing.
The first configuration tested was the 50 percent volume case. This means that only 50 percent of the available plenum volume was used. The testing results indicate that the probe's dynamic frequency response was about 300 Hz with this plenum size. We further reduced the plenum volume to 20 percent and then to 12 percent in the prototype probe. We noticed a significant improvement by reducing the plenum volume to 20 percent (936 Vs 302 Hz). However, as we reduced the volume to its minimum size, we noticed no significant improvement over the 20 percent results.
Next, we tested the aluminum probe with the fixed internal volume that was equivalent to the 20 percent volume configuration of the prototype probe. We conducted multiple test runs of this configuration to better assess the probe's fiequency response. We felt that this was necessary because (1) the shock tube may not fire in the exact same manner every time which could introduce some uncertainty, and (2) we determined the frequency response with graphical techniques which also could introduce some uncertainty in the frequency response calculation. The average frequency response for four separate test runs was 812 Hz for this probe. Three of the firings yielded similar results while the number two firing yielded a somewhat lower frequency response. For the number one and two firings, the steady pressure sensing port was inadvertently left open to atmospheric pressure, while it was sealed during the number three and four firings. As shown in the results, the atmospheric pressure tended to reduce the frequency response of the probe due to the possible inflow of higher pressure air into the plenum of the probe. However, we noticed no adverse effects of this inflow on the accuracy of the static pressure measurement. Table 1 . TRANSIENT TESTING RESULTS passages to simultaneously measure the steady-state pressure as is done with the pitot and static probes. Therefore, the five-hole conical pressure data cannot be corrected for offset measurement errors that occur during the course of a wind tunnel test run.
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Calibration
The pressure data needed for calibration were acquired in the NASA Glenn Research Center 1-by 1-Foot Supersonic Wind Tunnel (SWT). The calibration method related these pressure measurements to a pitch angle, yaw angle, and Mach number. We used the methodology developed in Reference 5 to implement the data reduction of discrete pressure measurements to reduced flow angularity and Mach number by using the calibration data. Each probe must be individually calibrated because of geometric differences that arise during the manufacturing process. Steady-state pressure data can be used for the calibration, so we did not install the dynamic transducers during the calibration wind tunnel runs. However, the transducer shields were installed, and we used temporary pneumatic tubing that mated to our steady-state pressure measurement system. For each Mach number, 13.1 pressure data were acquired at 2.5 degree increments in the yaw and pitch intervals. The five-hole pressure probes were calibrated at discrete Mach numbers of 1.6, 2.0, 2.5, and 2.8 and a pitch and yaw angle range of Jtl5 degrees. This resulted in acquiring 169 data points per Mach number and 676 data points total for each probe. Assuming a conservative estimate of 30 seconds of tunnel running per data point, this required 5.6 hr of tunnel run time per probe. A typical plot of calibration data in reduced variables is shown in Figure 9 .
The calibration parameters are defined as follows:
Pitch and yaw angle pressure coefficients, P2 -P 4 P3 -P S Cp, pitch = -, c p . y m = -r
4
where P, is a probe peripheral pressure as defined in Figure 8 , and q is the local dynamic pressure. When these probes are used in an actual test program, Ports 2 and 4 are aligned with the pitch axis while ports 3 and 5 are aligned with the yaw axis. In the test program, we were able to determine the instantaneous local flow pitch (a) and yaw (p) angle during a propulsion system unstart/stall event by using the five dynamic pressure time histones and the calibration method described in references 5 and 6. An artifact of the calibration procedure was that local instantaneous Mach number could also be determined along with the local flow angle. However, the main limitation with these probes was that any indicated results that fell out of the calibration range were suspect. Therefore, any results indicating a flow angle greater than +1S degrees or less than -15 degrees were not valid. Similarly, calculated Mach numbers less than 1.6 or greater than 2.8 were suspect.
APPLICATION IN WIND TUNNEL TEST
These dynamic probes were used in a NASA Glenn 10-by 10-Foot Supersonic Wind Tunnel (SWT) test program to acquire transient flow field pressure data in the vicinity of a supersonic propulsion system during an engine compressor stall and subsequent inlet unstart event. The tunnel was run in the propulsion cycle mode at ambient conditions. Details of this unique mode of operation are given in reference 7. A two-dimensional bifurcated inlet mated to a turbojet engine mounted beneath a large flat plate simulated an under wing supersonic propulsion pod installation. A photograph of the experimental hardware installation is shown in Figure 10 . The bulk of the transient flow field data are acquired by pressure instrumentation mounted on platforms that we call instrumentation struts. These instrumentation struts are versatile in the respect that each port can be fitted with a pitot, static, or flow angularity probe. A photograph of these struts attached to the wing simulator is shown in Figure 11 . The shuts are 60 inch 13.1 Figure 11 . Inlet unstart experiment hardware installation with instrumentation struts.
The instrumentation configuration shown in Figure 12 is optimized to acquire transient Mach number and flow angularity data. It is instrumented with alternating pitot and static pressure probes, while other configurations use all pitot or all static probes. A five-hole conical pressure probe is substituted for a pitot probe. The pressure port spacing on the instrumentation strut is 2.5 inch (6.35 cm) which can be used for an all pitot pressure probe configuration. However, when using static pressure probes, a 5 inch (12.7 cm) spacing is required due to aerodynamic interference effects. The short conical probes shown in the figure are dummy probes that do not acquire data when using the 5 inch (12.7 cm) probe spacing.
Pitot and Static Probe
For this particular test program, the primary use of the alternating Pitot-static pressure probe measurements was to determine the local Mach number in the flow field region affected during a propulsion system unstartktall transient event. For a known local pitot and static pressure, we used the Rayleigh pitot formula (equation 100 in reference 8) to determine the local Mach number. Figure 13 shows the results of using this approach for two pitot pressure probes evenly spaced about a static pressure probe. The transient pressure This method of determining local flow field Mach number uses a discrete static and pitot pressure measurement and the Rayleigh pitot formula to calculate the local Mach number. The main limitation with this technique is that the physical distance between the probes introduces spatial resolution errors due to probe response time lag, disturbance propagation effects, and the assumption that the measured static pressure is constant over the 5 in (12.7 cm) region between the static and pitot pressure measurement location. In addition, high local flow angles can cause the static pressure measured by cone-cylinder static pressure probe to be incorrect. Our development testing of these probes shows that the cone-cylinder static pressure probes are accurate to 1 percent of true static pressure when the local flow angle is less than 4 degrees. When flow angles exceed four degrees, the indicated static pressure is lower than the true flow field static pressure. However, there are some advantages by using this technique to determine transient flow field Mach number: (1) The probe acquires steady-state and transient pressure data simultaneously, so the transient data can be corrected for zero shift to yield accurate pressure distributions during the unstart/stall event; and (2) No extensive calibration is required to determine the local flow field Mach,number.
Five-Hole Conical Probe
The five-hole pressure probes were used in the same NASA Glenn 10-by 10-Foot Supersonic Wind Tunnel (SWT) test program that acquired transient flow field pressure data in the vicinity of a supersonic propulsion system during a engine compressor stall and subsequent -inlet unstart event. The probe pressure data were used with the calibration to determine local flow field angularity and Mach number.
The data shown in Figure 14 are reduced data from a five-hole conical probe that captured a hammershock propagating through the flow field in the vicinity of a propulsion system during a propulsion system StalVunstart transient event. These particular plots show the axial propagation effects of the disturbance at two axial planes upstream of the propulsion system. Figure 14a depicts the pitch angle response during the transient event. At each axial station, the initial transient exceeds the calibration limit of -15 degrees, but settles out to a relatively constant pitch angle during the disturbance until recovering to the undisturbed initial flow angle at the end of the transient.
The yaw angle response during the unstart transient is shown in Figure 14b . At the downstream axial plane, the initial transient exceeds the calibration limit of +15 degrees. The high initial yaw angle is not seen at the upstream axial location. For the rest of the transient, the yaw angles are relatively constant and are much lower in magnitude than the observed pitch angles.
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The local transient Mach number time history obtained from each five-hole probe are shown in Figure 14c . When used for determination of local flow field Mach number, the five-hole pressure flow angularity probes have a distinct advantage over the isolated static and pitot pressure measurement technique. Spatial resolution effects discussed earlier with the isolated pitot and static probe technique are minimized since all pressure measurements are acquired simultaneously at essentially the same measurement location. However, the main limitation of this approach is that a fairly extensive calibration data set for each probe must be acquired. The calibration facility run time to acquire these calibration data could be cost prohibitive. Also, another limitation is that reduced data that fall outside of the calibration range are suspect and should not be used. When using these probes for transient data acquisition, five high response transducers are installed such that the sensing surface is near the probe tip. The compact probe size does not allow for the inclusion of steady-state pressure measurement, so the transient pressure readings cannot be corrected for zero offset errors.
From an operational standpoint, if one transducer fails during the test run, the data from that particular five-hole probe is not usable for analysis. Figure 15 compares the Mach number obtained at the same location with the five-hole probe versus the Mach number calculated by using the alternating pitot and static probes. The data are acquired during the same transient depicted in Figure 14 . For alternating pitot and static probes, the center port of the five-hole probe is used as the local pitot pressure. The Mach numbers calculated by the two techniques shown in Figure 15a agree favorably at the downstream location. The Mach number comparison at the upstream axial plane shown in Figure 15b is not as favorable. The data trends are similar, but the five-hole pressure probe results predict a lower average value in the region between the starting and ending transients.
The five-hole pressure probe best captures the duration of the transient event due to its superior spatial resolution. However, the Mach number calculation at the beginning and end points of the transient are suspect-the beginning transient is suspect due to the calculated flow angles exceeding calibration limits, and the ending transient shows some artificial oscillations that are seen in the pressure data. These apparent oscillations could be due to the data acquisition and digitization not accurately capturing the step change in pressure. The alternating pitot and static probe data also misrepresent the Mach number trends at the beginning and end of the transient event. The spatial resolution issue with this technique causes the initial transient to occur earlier and the ending transient appears to be smeared over a 4 ms interval. However, it is interesting to note that the five-hole probe results also do not predict an accurate Mach number in this region, and both techniques show the return to the free stream Mach number at about the same time. CONCLUDING REMARKS We discussed the design and development details of pressure probes suitable for capturing the dynamics of fast acting transients in a supersonic flow field. Flow field pitot, static, and five-hole conical probes were developed. The pitot and static probes had conventional exterior aerodynamic contours, but used a novel internal plenum and pressure measurement cartridge assembly to simultaneously measure the steady-state and dynamic flow field pressure. In addition to providing flow field pressure data, the pressure data from these probes could also be used to determine local flow field Mach number variation during a transient. The five-hole conical probes were also designed to measure fast acting transients by installing dynamic transducers in each of the pressure ports. The pressure data from these probes were used to determine instantaneous flow angles and local Mach numbers. An extensive calibration dataset had to be developed for each five-hole conical probe to relate the raw pressure measurements to flow angle and Mach number.
These probes were used in a wind tunnel test program to successfully capture the flow field dynamics of a supersonic propulsion system compressor stall and inlet unstart transient acting on a 40 millisecond time scale.
The probe measurements did produce time histories of measured flow field pressures, flow angles, and local Mach numbers. The pitot and static probes produced accurate transient pressure time histories because the simultaneous measurement of steady-state pressure allowed correction for zero offset errors of the dynamic pressure transducer. The limitations of each technique were discussed. The Pitot-static method of determining local Mach numbers introduced spatial measurement errors, while the five-hole conical probe measurements produced invalid flow angles and Mach numbers when
